The paper analyzes the effects of T-shaped cracks in beams regarding the manner in which the frequencies of the bending modes change. We determined the eigenfrequencies of the damaged beam involving the finite element method for five lengths of the branched crack's longitudinal components and numerous crack locations. This permitted plotting the frequency shifts curves and calculating the relative frequency shifts. Afterward, we extracted the damage patterns for all crack types and one crack position. It was found that the patterns are quite similar, just differing by their amplitudes, thus by normalization the damage severity effect can be suppressed.
INTRODUCTION
Mechanical and civil structures are affected by degradation as they age, thus defects such as cracks may develop unnoticed and may worsen over time [1, 2] . Until the damages are detected with conventional methods like visual inspection and non-destructive testing it may be too late to prevent structural failure [3] . For this reason, numerous global vibration-based methods for early detection of structural discontinuities were developed in the past decades [4] . It is well known that damages affect the dynamic parameters of structures, such as natural frequencies, damping ratio, and modal shapes. Methods based on measuring the natural frequency changes are largely presented in literature, see for instance [5] [6] [7] [8] , because they represent an attractive approach in structural health monitoring because of the ease of implementation and the possibility of detecting, locating and quantifying damages.
The vibration-based method base on the fact that, if a crack occurs in a structure the frequency decreases due to losing of stiffness [9] . Thus, it cannot anymore accumulate the same amount of energy as in the healthy state [10] . The crack depth determines the global damage severity, which is a parameter independent of the crack location; hence it controls the amplitude of the frequency shift curves. On the other hand, the frequency drop at a given location and global damage severity is controlled by the local curvature [11] , which differs for the different bending vibration modes.
A well-known model of a beam with a crack replaces the cracked slice with a massless spring [12] [13] [14] . This approach is time and computational resources consuming. Another model, proposed by the authors [15] , considers the global damage severity and the effect imposed by the energy stored in the damaged slice. The latter implies a simple mathematical relation to predict the frequency changes due to a known transversal crack [16] , which was proved to be reliable and can be applied to beam-like structures with any end supports.
Based on the mentioned finding, the Frequency Shift Curve (FSC) function was developed in previous work by our research team [17] [18] . It is a general relation which gives the frequency shift of all bending modes by analytically determining the frequency shift in respect to the locally stored energy and global damage severity. The FSCs applies for any beam's end supports [19] and even for multiple supports [20] . The deduced relation was validated by numerical simulations and experiments for various support conditions [14] .
From each FSC defined for a bending vibration mode we extracted the value for a given location and found the Relative Frequency Shift (RFS). A sequence of RFSs, calculated for several vibration modes, is a series of numbers which characterize both the severity and location of the damage [21] . By normalization, i.e. dividing each RFS for a given location to the biggest value of the series, the severity is eliminated and the Damage Location Coefficient (DLC) is obtained. A sequence of DLCs aggregated for several modes constitutes the damage pattern; the coefficients can be easily calculated for any damage position. Comparing developed patterns with the damage signature, which is obtained in a similar way as the DLCs from measured data, the damage location can be found by employing the inverse method [22] . Afterward, the severity can be found as the ratio of a RFS and a DLC taken for the identified damage position [23] . Until now, just transverse cracks were considered. This paper introduces patterns for damages, determined by FEM involvement, which have the form of T cracks and have resulted from the longitudinal extension of a transverse crack.
MATERIALS AND METHODS

The finite element model of the test structure
The analysis was performed by means of the ANSYS simulation software, using the modal finite element method (FEM). The test specimen represents a hot rolled steel beam, fixed at one end and free at the other with the physical-mechanical properties of the material presented in Table1. The study is focused on analyzing the natural frequency shifts caused by a T-shaped crack present at well-known positions along the beam. The idealized geometry of the crack is presented in Figure 1 , together with the main dimensions of the beam. The crack position is described by the distance x, which is always considered between the fixed beam end and the transverse component of the crack. The crack is iteratively removed along the beam with a step of 10 mm. In the present paper the two longitudinal extents LL and LR are always equal, resulting in one single longitudinal extent with the transverse component of the crack positioned in the middle. The main dimensions of the cantilever along with the T-shaped crack are presented in Table 2 .
The beam and crack geometry were modeled using the computer aided design software SolidWorks, while the modal analysis was carried out by using the modal simulation element in ANSYS by applying the boundary conditions for the fixed end at the left extremity of the analyzed beam. The model was meshed using hexahedral elements having defined the maximum size of an edge by 2 mm, resulting in a number of 37500 elements and 193282 nodes. In order to get a reference, we determined the natural frequencies of the first six bending vibration modes for the undamaged cantilever beam. Afterwards we performed the simulations concerning modal analysis for the 5 damage cases presented in Table 2 , for every case being selected 97 positions equidistantly located along the beam, resulting in a number of 485 studies.
Test procedure
The beams dynamic behavior is analyzed by means of the finite element method (FEM) both in undamaged as well as in damaged state. For all damage scenarios we have iteratively removed the crack by a step of d =10 mm along the beam starting with a distance of 10 mm from the fixed end to the left longitudinal extent of the crack. The acquired results are the values of the natural frequencies for the first six bending vibration modes.
The eigenfrequency values fiD of the beam that has a crack with depth a at the distance x[0,L] can be predicted by involving the relation proposed in [15] that is:
where: fiU is the eigenfrequency of the i-th bending vibration mode, () i x  is the normalized beam curvature in of the damaged slice and (a) is the global damage severity. The latter term is expressed as:
and depends exclusively on the deflection of the beam under dead mass in the healthy and damaged state. Hence, the RFS of mode i become:
It was shown in our previous work [18] that good results in damage detection are obtained if at least six vibration modes are considered. In this paper we use, for illustration, six vibration modes. Thus, the damage pattern for location x becomes:
Usually, each location x has associated an index k, the problem of finding the damage location being in fact the identification of the k for which the sequence in the relation (4) fit the damage signature. One can observe all terms contain the global damage severity (a). By normalization of the terms of the series, i.e. dividing all terms to the biggest one, the severity can be simplified and the new sequence depends just on the curvatures achieved in different modes. This means the problem of identifying the damage location and severity can be separated. The new sequence gets the form: (5) or, if associating a position x with the index k, relation (5) ca be expressed in a concentrated form:
The vector k is nominated as Damage Location Index (DLI) and the separate terms contained in it Damage location Coefficients (DLC). For each position k=1...p can define a sequence k containing i=1...n numbers related to the amount of considered vibration modes. Obviously, because the numbers are calculated as squares of the curvature these get positive value, and, due to normalization, the biggest value is the unit. In the next section are found the FSCs for the presented cantilever beam considering k=97 positions and i=6 vibration modes for each damage case T10...T50. For the damage located on x=300 mm from the fixed end we calculated the RFSs and the damage patterns for beams containing T shaped cracks with different sized longitudinal extents are derived involving the finite element analysis.
RESULTS AND DISCUSSIONS
Influence of the T-shaped crack longitudinal extent on the natural frequency shift
For investigating the effect of the crack severity, we compared the natural frequency shift for all 5 damage cases, all having the transverse branch with equal depth, but having different dimensions of the longitudinal branches. The fixed end of the cantilever beam has been taken as reference and the natural frequency curves for the first six bending vibration modes have been plotted and illustrated in Figures 2 and 3 . From Figures 2 and 3 it certainly results that the five damages considered have a different behavior, since the frequency drop is more significant as the longitudinal component is increased. Near the free end of the beam, one can observe that minor differences between frequencies occur for the first three modes of vibration, but at higher modes the influence of the damage extent is easy to observe. From this study we can conclude that not only the transversal component of the crack has an influence on the damage severity, the longitudinal component should be also taken into account in order to express the severity for all vibration modes.
Influence of the T-shaped crack longitudinal extent on the relative frequency shifts
As we previously described, a sequence of RFS values derived for a specific crack can be used as a pattern to determine the damage signature. An initial step in implementing this method is to determine the relative frequency shifts for all damage cases using relation (3) .
It is very important to mention that, for each vibration mode and support type there are certain points on the beam where damages do not produce any change of the natural frequencies, which are the inflection points of the bending beam. In contrary, on the beam are points in which important natural frequency changes due to the crack occur, which are the points on which the curvature achieves local maxima. Fig. 4 . Relative Frequency Shift curves for the first six vibration modes for damage case T10. The RFS for the crack position x = 300 mm is highlighted with dotted line and the value is explicitly indicated. In Figures 4-6 we illustrate the Relative Frequency Shift curves for the first six bending vibration modes for the damage cases T10, T30 and T50. Here, the frequency shifts for the crack location x=300 mm are highlighted with a red dotted line and the results are depicted. Based on these values we plotted the histograms representing the RFSs for x=300 mm, which are presented in figure 7 .
The normalized values of the Relative Frequency Shifts from Considering now the conclusion traced for the DLC values in Figure 8 and generalizing it for the entire range of the RFS curves plotted in Figures 2 and 3 we can conclude that the severity increases with the longitudinal branch extent of the damage does not influence the damage pattern.
CONCLUSIONS
In this paper we show the results of modal analysis conducted on a cantilever beam in terms of the frequencies of the first six bending vibration modes of the undamaged beam and of the beam with a T-shaped crack with different sized of the longitudinal extent. The plotted relative frequency curves clearly show that the different cracks produce different shifts, but the curves are somehow similar. As expected, the cracks with larger longitudinal extent suffer the biggest frequency drop. It was also found that, for important longitudinal extent of the branched crack, the frequencies of the damaged beam do not reach the frequency of the undamaged beam, even in the transverse crack component is located on an inflection point in the given mode. Thus, we concluded that not only the transversal component of the crack has an influence on the damage severity, but the longitudinal component should be also taken into account in order to express the severity for all vibration modes. However, the patters defined with the Damage Location Coefficients still characterize the damage and can be used to assess damages by vibration-based methods.
